Current regulatory requirements for insecticide toxicity to nontarget insects focus on the honey bee, Apis mellifera (L.; Hymenoptera: Apidae), but this species cannot represent all insect pollinator species in terms of response to insecticides. Therefore, we characterized the toxicity of pyrethroid insecticides used for adult mosquito management (permethrin, deltamethrin, and etofenprox) on a nontarget insect, the adult alfalfa leafcutting bee, Megachile rotundata (F.; Hymenoptera: Megachilidae) in two separate studies. In the first study, the doses causing 50 and 90% mortality (LD 50 and LD 90 , respectively) were used as endpoints and 2-d-old adult females were exposed to eight concentrations ranging from 0.0075 to 0.076 μg/bee for permethrin and etofenprox, and 0.0013-0.0075 μg/ bee for deltamethrin. For the second study, respiration rates of female M. rotundata were also recorded for 2 h after bees were dosed at the LD 50 values to give an indication of stress response. Results indicated a relatively similar LD 50 for permethrin and etofenprox, 0.057 and 0.051 μg/bee, respectively, and a more toxic response, 0.0016 μg/ bee for deltamethrin. Comparatively, female A. mellifera workers have a LD 50 value of 0.024 μg/bee for permethrin and 0.015 μg/bee for etofenprox indicating that female M. rotundata are less susceptible to topical doses of these insecticides, except for deltamethrin, where both A. mellifera and M. rotundata have an identical LD 50 of 0.0016 μg/ bee. Respiration rates comparing each active ingredient to control groups, as well as rates between each active ingredient, were statistically different (P < 0.0001). The addition of these results to existing information on A. mellifera may provide more insights on how other economically beneficial and nontarget bees respond to pyrethroids.
Since the accidental introduction of the alfalfa leafcutting bee, Megachile rotundata (F.; Hymenoptera: Megachilidae), from Eurasia to the United States in 1940, M. rotundata has aided in the $4.6 billion per year alfalfa hay industry, through its role in alfalfa seed production (Pitts-Singer and Cane 2011). The $4.6 billion value is one-third of the $14 billion value credited to honey bees, Apis mellifera (L.; Hymenoptera: Apidae), pollinating U.S. crops (Pitts-Singer and Bosch 2010), which means M. rotundata is an important component of the U.S. agricultural industry.
Wild and managed solitary bee species play a crucial role in the pollination of many crops in the United States and worldwide. However, the potential risks of insecticides are not widely known for many pollinators, other than the honey bee (Pitts-Singer and Cane 2011, Artz and Pitts-Singer 2015) . M. rotundata is the second most intensively managed pollinators in the United States, but little is known about its susceptibility to different insecticides. Although most research primarily focuses on lethal and sub-lethal doses affecting A. mellifera, this might not be the best surrogate species for all bees because its life history is different from that of other pollinators (i.e., eusocial compared to solitary behaviors) and therefore may result in different responses to insecticides compared to other species.
Following the introduction of permethrin in 1973, the use of pyrethroids in the United States has dramatically increased (Schleier III and Peterson 2011) . Pyrethroids currently account for approximately 23% of the world's insecticide market and are used in both agricultural and residential areas, particularly to manage adult mosquitoes (Elliott et al. 1973, Schleier III and Peterson 2011) . As diseases such as West Nile virus, chikungunya, dengue, and Zika continue to circulate, vector management practices will continue to be intensively and extensively implemented. With these practices, there may be adverse effects on nontarget beneficial organisms, specifically pollinators (Davis et al. 2007 ). Because applications for mosquito management can overlap areas where there are bees, understanding the risk to pyrethroids may provide insight on how controlling for one species affects co-occurring nontarget species.
One of the first steps in addressing these potential effects is by identifying the median lethal dose of insecticides to the organism of interest. Therefore, the goal of these studies was to estimate the acute toxicity of three types of pyrethroids (permethrin, deltamethrin, and etofenprox) to adult female M. rotundata. The pyrethroids we evaluated not only represent type 1, type 2, and non-ester pyrethroids, respectively, but they also are used in adult mosquito management. In addition, we measured respiration rates to assess how these insecticides affect M. rotundata after exposure. We chose to measure respiration rates after exposure to each of the active ingredients because insect respiration is often used as an index of stress (Kestler 1991) .
Materials and Methods

Insects
Diapausing M. rotundata larvae in loose nest cells were purchased from JWM Leafcutters, Inc. (Nampa, ID) in April 2015 and 2016 and were placed in room temperature (23°C) for 3 d before being placed in the rearing room set to 28 ± 2°C, relative humidity 42-60%, and a photoperiod of 16:8 (L:D) h; post-diapause rearing of M. rotundata at 28°C results in high emergence rates and adults with high lipid content (Baird and Bitner 1991, O'Neill et al. 2011 ). Cells of M. rotundata were placed inside Specimen Transfer Cages No-See-Um Mesh, 61 × 61 cm (BioQuip Products, Inc., Rancho Dominguez, CA) and reared for 15-25 d. Each day, as adults emerged, they were removed from the cage using an aspirator and then transferred to a refrigerator set at 4°C for approximately 20 min. Once the bees were immobile, they were removed from the container and sorted by sex on a Laboratory Chill Table (BioQuip Products, Inc.) and females were collected to perform the assay. After females were sorted from males, 10 females were placed in 20-ml glass Wheaton scintillation vials (Thermo Fisher Scientific Co., Waltham, MA) and stored until dosing. All females were treated within 48 h of emergence.
Insecticide
The insecticides permethrin ((3-phenoxyphenyl)methyl 3-(2,2-dichloroethenyl)-2,2dimethylcyclopropane carboxylate), etofenprox (2-(4-ethoxyphenyl)-2-methylpropyl 3-phenoxybenzylether), and deltamethrin ((S)-α-cyano-3-phenoxybenzyl (1R,3R)-3-(2,2-dibromovinyl)-2,2-dimethylcyclopropane carboxylate) were used as the active ingredients for this assay because they are used in mosquito management and they represent the three types of synthetic pyrethroids: type 1 (permethrin), type 2 (deltamethrin), and non-ester (etofenprox) (USEPA 2009 ). Technical grade permethrin, etofenprox, and deltamethrin of 98% purity was purchased from Sigma-Aldrich (St. Louis, MO) and stock solutions were prepared in acetone (99.7% purity) purchased from EMD Chemical (Gibsontown, NJ) (USEPA 2012a) . Stock solutions were created a few weeks before dosing and were stored at −20°C for the duration of the experiment.
LD 50 Bioassay
The U.S. Environmental Protection Agency (USEPA) protocol and previous experiments for LD 50 dosing was followed for this assay (USEPA 2012a, Whiten and Peterson 2015) . The purpose of this test was to determine the quantity of test substance that causes 50% mortality in the test population of female M. rotundata. Females were randomly assigned to alternative dose levels or control group and each female received a 2-μl topical dose (active ingredient plus solvent) on the dorsum of the thorax via Eppendorf Reference micropipette (Eppendorf AG, Hamburg, Germany).
Ninety female bees were exposed to the test substance for each replication. For each insecticide, 10 female bees were assigned to each of eight dose concentrations plus an acetone-only control. Dose concentrations for permethrin and etofenprox were the same because they pose similar toxicity to A. mellifera (Deo et al. 1988 ), while we used a lower range of deltamethrin concentrations (USEPA 1992) because it is much more toxic to invertebrates. For permethrin and etofenprox, the concentrations were 0.0075, 0.0225, 0.0375, 0.0450, 0.0525, 0.0600, 0.0675, and 0.0760 μg/bee. For deltamethrin, the concentrations were 0.0013, 0.0019, 0.0026, 0.0030, 0.0040, 0.0050, 0.0060, and 0.0075 μg/bee, where each female wet weight was approximately 0.035g. For each concentration, 10 chilled, immobile females were topically dosed to their randomly assigned concentration on a wooden Adjustable Spreading Board (BioQuip Products, Inc.) covered with SaranWrap (SC Johnson Brands, Racine, WI) and replaced for each concentration. This process was repeated 8 more times for each replication.
After 10 females were dosed per concentration, they were placed into 500-ml Tupperware (Tupperware Brands Corporation, Orlando, FL) with 36 holes covering the entire lid, for 24 h and stored at room temperature (27 ± 5°C). All bees were then observed for mortality at the end of this period. A bee was considered dead when completely immobile and unresponsive to probing.
Respiration A closed-system respirometer (LI-COR Li-6400XT, LiCor, Lincoln, NE) was used to measure the CO 2 of dosed M. rotundata females. As in the LD 50 assay, females were chilled at 4°C for 20 min and then dosed on the dorsum of the thorax with 2 μl of permethrin, etofenprox, or deltamethrin (active ingredient plus solvent) at the estimated LD 50 value, or were dosed with 2 μl of acetone as a control. Ten female bees (0.35 g, total wet weight, 0.035 g per individual female) were placed in a cylindrical chamber 10-cm long × 3-cm diameter (Li-6400XT, 6400-89 Insect Respiration Chamber) for 2 h. Because the bees were dosed at a chilled, immobile state, we waited approximately 5-10 min before the initial recording in the Li-Cor insect chamber and started recording when all test subjects were mobile. The chamber was darkened by covering it with a thick sheet of paper for the duration of the experiment to ensure minimal visual stimulation of the bees. Ten bees were placed within the chamber to ensure a sufficient level of respiration could be recorded. The cylindrical chamber was connected to a gas analyzer that compared the air from the respiration chamber to a standard sample of 380 μmol CO 2 and measured the flux CO 2 rate of the chamber every 30 s for 2 h. Because we only had one Li-6400 unit, the order of treatments was randomized as paired treatments (i.e., permethrin/ control, etofenprox/control, or deltamethrin/control). The paired (control and treated) measurements were replicated four times for the three active ingredients + control (10 bees/treatment/replication, n = 360). Recordings were then averaged over a 5-min period resulting in 182 respiration outputs for each of the treatment and control groups. We then log-transformed the respiration values to achieve normal distribution of the data.
Statistical Analysis
For the LD 50 analysis, experiments for each active ingredient + control were replicated a total of seven times (90 organisms per replication, n = 630) in the summer of 2015 and 2016. Treatment mortality was corrected using Abbott's formula (Abbott 1925 ) and replications were not used in the analysis if mortality was ≥20% in the control groups (Yu 2008) . For each concentration, the data were analyzed by probit analysis using Polo Plus (LeOrca 2002 model). The LD 50 and LD 90 and associated 95% confidence intervals were calculated for each active ingredient.
To characterize respiration rates for female M. rotundata exposed to the three active ingredients at the LD 50 level, we analyzed the difference in intercepts of the respiration rates of 10 females a total of four times for each active ingredient and control using a two-way ANOVA linear regression model (α = 0.05) (R Studio, Inc. 1.0.136). Similar statistical measures were used to compare the differences of each active ingredient from each another (n = 280). Groups were recorded over a period of 2 h and readings were recorded every 30 s for that time period. Recordings were then averaged over a 5-min period resulting in 182 respiration outputs for each of the treatment and control groups. We then log-transformed the respiration values to achieve normal distribution of the data.
Results and Discussion
The LD 50 for adult, 2-d-old female M. rotundata was estimated for permethrin, etofenprox, and deltamethrin. The estimated LD 50 for each of the active ingredients was 0.057 μg/bee (95% CI = 0.05-0.08) for permethrin, 0.051 μg/bee for etofenprox, and 0.0016 μg/ bee (95% CI = 0.0014-0.0018) for deltamethrin. As expected, when comparing the LD 50 values across active ingredients (Table 1) , the most toxic active ingredient for 2-d-old female M. rotundata was deltamethrin whose confidence intervals did not overlap those of the other two insecticides. Estimated LD 50 values for A. mellifera (0.0016 μg/bee) and M. rotundata were identical for this active ingredient (USEPA 1992) . However, although A. mellifera has LD 50 values of 0.024 μg/bee for permethrin and 0.015 μg/bee for etofenprox (USEPA 1992) , our results indicate that M. rotundata would be more tolerant to these active ingredients. Thus, deltamethrin is more toxic to M. rotundata compared to permethrin and etofenprox, but A. mellifera is likely more susceptible to these active ingredients compared to M. rotundata, and all three active ingredients are highly toxic to both bee species based on standards set by Felton et al. (1986) (i.e., they have LD 50 values <1.0 μg/bee).
The estimated difference in respiration between permethrin and the control group was 13.60 μg CO 2 /g insect/min (n = 4, df = 189, SE = 2.08, P < 0.0001) (Fig. 1a) . The difference between deltamethrin and the control was 10.09 μg CO 2 /g insect/min (n = 4, df = 189, SE = 2.06, P < 0.0001) (Fig. 1b) . Etofenprox had the largest mean difference in respiration between active ingredient and control group (55.83 μg CO 2 /g insect/min) (n = 4, df = 189, SE = 3.36, P < 0.0001) (Fig. 1c) . Similarly, when respiration rates for permethrin, deltamethrin, and etofenprox were compared to each other, they were statistically different from one another (P < 0.001) (n = 3, df = 278, SE = 3.30), indicating that these pyrethroids may alter the respiration of M. rotundata in different degrees and ways (Fig. 1d) . The decrease in respiration rates for both the control and treated groups during the 120 min they were in the chamber can be at least partly explained by the excited state of the bees when they were first placed in the test chamber. This method ensured that the bees were both active during the initial recording and that we were capturing the initial response to each treatment. We assumed that the bees would exhibit high activity at the start of recording due to continuous movement throughout the insect chamber, but lower activity as time progresses and they became acclimated to the chamber with other bees, based on behavior we observed while working with them. Although this movement affected the respiration recordings, it occurred in both control and treated groups and there was a significant difference between the groups treated with each active ingredient compared to the controls, and no significant difference between controls. Despite a paucity of reported data on insect respiration rates, especially with hymenopteran species, our rates were similar to those previously reported in Rhodnius proxilus (Hemiptera: Reduviidae) (Contreras and Bradley 2009) and several other insect orders (Marais et al. 2005) .
The toxicity endpoints across the three types of pyrethroids we tested on the same species when topically dosed is not surprising. However, the respiration results compared to the LD 50 endpoints is surprising. Etofenprox was the least toxic to M. rotundata but exhibited the largest mean difference between treated and control group respiration while deltamethrin was the most toxic in the LD 50 study but had the lowest mean difference in the respiration study. Although all pyrethroids disrupt normal cellular communication by modifying the kinetics of voltage-gated sodium channels (VGSCs) (Soderlund 2010) , these results suggest that additional physiological stress could be effecting the overall response. Type 1 (permethrin) and non-ester (etofenprox) pyrethroids affect the insect nervous system in a similar manner, and resulted in similar LD 50 endpoints in this study, but the effects of type 2 (deltamethrin) pyrethroids may differ considerably from the other two types and was much more toxic to female M. rotundata. Type 1 and non-ester pyrethroids prolong the openings of VGSCs during the closed state, whereas type 2 pyrethroids cause depolarization of the membrane, resulting in increased resting membrane potential (Schleier III and Peterson 2011) . Although VGSCs in insects may be affected differently, all pyrethroids affect the nervous system in insects by resulting in a loss of coordinated movements, periods of convulsive activity, and/or terminal paralysis (Soderlund and Bloomquist 1989 , Schleier III and Peterson 2011 , Schleier III and Peterson 2012 .
Although the effect on VGSCs in insects is known, the effect that insecticides have on targeted or nontargeted organisms is complex and can vary depending on the species. Even though we saw similar trends of toxicity in M. rotundata compared to published values for A. mellifera (USEPA 1992) , the toxic endpoints varied, and not necessarily in ways we would expect. Adult workers of A. mellifera (0.10 g wet weight) (Aronstein et al. 2012 ) are approximately three times the mass of adult female M. rotundata (0.03 g wet weight), yet A. mellifera tends to be more susceptible to these active ingredients (Hardstone and Scott 2010) compared to M. rotundata, based on our findings compared to studies reported in the literature (USEPA 1992) . It should be noted that the LD 50 of certain organisms can vary depending on many variables, including, but not limited to, the This reiterates the idea that the main differences in insecticide sensitivity among species can include several factors such as absorption, internal and external distribution, excretion, and body mass (Thompson 2015) . Claudianos et al. (2006) compared the genome of A. mellifera to Drosophila melanogaster and Anopheles gambiae and found that A. mellifera contained significantly less annotated genes than the two dipteran species, specifically, cytochrome P450. The cytochrome P450 enzymes function to aid in metabolizing toxic compounds, including pyrethroids, and are essential to stress responses and the detoxification of pesticides (Yu et al. 1984 , Claudianos et al. 2006 , Xu et al. 2013 . Similar studies have compared the overall number of detoxification genes in several Bombus species with A. mellifera, M. rotundata, and D. melanogaster and found that female M. rotundata had 6 more cytochrome P450 enzymes than A. mellifera female worker bees. Therefore, if M. rotundata has significantly more cytochrome P450 enzymes than A. mellifera this may explain the differences in acute toxicity between the two species (Xu et al. 2013) .
Under the Federal Insecticide and Rodenticide Act (FIRFA), the U.S. EPA lists A. mellifera as the standard nontarget insect species required for testing by chemical registrants in the United States (Hoang et al. 2010) . Although information for A. mellifera is necessary, more information is needed to better understand insecticide risk to nontarget organisms. One species does not necessarily provide adequate information to characterize the risk insecticides posed to all pollinators. Toxicities can vary depending on the specific insecticide and species tested, and economically important species should be tested (Hardstone and Scott 2010, Arena and Sgolastra 2014). Therefore, data obtained from M. rotundata will augment existing data related to risks of insecticide application and can potentially serve as a surrogate species for other nontarget solitary bee species.
Because acute LD 50 values for A. mellifera for permethrin and etofenprox are lower than the values for M. rotundata, it may be possible to use A. mellifera as a conservative nontarget surrogate for M. rotundata. Furthermore, this might be possible not only for permethrin and etofenprox, but also more broadly for type 1 and non-ester pyrethroids. Moreover, if A. mellifera is more susceptible to these pyrethroids than some solitary bee species of such genera as Osmia, Nomia, Lasioglossum, Colletes, and Halictus, then it might be possible to use it as a conservative nontarget surrogate. However, broader testing of multiple bee taxa in diverse evolutionary lineages will be necessary to establish this. 
